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Abstract
Environmentally friendly lubricants have been gaining interests worldwide.  Vegetable oils have potential to be used 
as the base stock for these lubricants when blended with proper additives.  This study shows parameters affecting on 
friction and wear scar diameters of three different soybean oils including conventional soybean oil, epoxidized 
soybean oil, and high-oleic soybean oil. The parameters include speed, temperature, and the additive (ZDDP) with a 
fixed load at 25 lbs.  The results from a four-ball wear tester show that speed and ZDDP significantly affect wear scar 
diameters of conventional soybean oil. The wear scar diameters of epoxidized soybean oil and high-oleic soybean oil
are affected by ZDDP, temperature, speed, and the interactions among these parameters.
© 2013 The Authors. Published by Elsevier Ltd.
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1. Introduction
Vegetable oils have long been used as a base stock for lubricants from ancient days. However,
inherent properties of vegetable oils such as low oxidative stability, low pour point, etc. can cause
problems in some applications. A development of petroleum and synthetic oils to overcome those
problems makes vegetable oils less important. Nevertheless, petroleum oils and some synthetic oils are
not biodegradable when exposed to the environment.
As environmental concerns increase in many countries including Thailand, a number of studies have
reconsidered vegetable oils to be used as the base stocks for lubricants because of their advantages such 
as high biodegradability and high viscosity index.  The wide spread interest in biodegradable lubricants 
has resulted in comparisons of the chemical and physical properties of leading base stock candidates such 
* Corresponding author: 1518 Pracharat Sai 1 Rd. Bang-Sue, Bangkok, 10800, Thailand.
Tel.: (+662)-555-2000#8237; Fax: (+662)-587-0024
E-mail address: kpc@kmutnb.ac.th (K. Cheenkachorn)
Available online at www.sciencedirect.com
© 2013 The Authors. Published y Elsevier Ltd. 
Selection a d peer-review und r responsibility of KES International
Open access under CC BY-NC-ND license.
Open access under CC BY-NC-ND license.
634   Kraipat Cheenkachorn /  Energy Procedia  42 ( 2013 )  633 – 639 
as vegetable oils, synthetic esters, and petroleum oils. Lal and Carrick [1] studied some lubricating 
properties of high-oleic sunflower oil and low-erucic rapeseed oil including low-temperature properties, 
brook field viscosity, oxidative stability and hydraulic stability. They showed that high-oleic vegetable 
oils offer enhanced oxidative and thermal stability over regular vegetable oils. Also, both properties are 
comparable to those of mineral oil. However, a study of wear on these vegetable was not reported in this 
study. Minami and Mitsumune [2] qualitatively determined antiwear properties of phosphorous (P) 
containing compounds in four vegetable oils under boundary condition using a four-ball wear test.  The 
results from this study show that the wear properties of vegetable oils are superior to that of mineral oils. 
A similar study by He et al. [3] was conducted using rapeseed oil and sulfur (S), P-containing triazine 
derivatives.     
When used as the base stock for lubricants, vegetable oils show weak oxidative stability. However, 
vegetable oil based lubricants can be used in some applications such as hydraulic fluids. Adamczewska 
and Wilson [4] developed lubricant formulations for farm tractors and hydraulic fluids using a 
combination of vegetable oils and additives. They reported that vegetable oil based lubricants showed less 
wear in the pump test compared to mineral oils. A use of vegetable oils under a mild condition was also 
conducted by Adhvaryu et al. [5]. However, a variation of testing conditions was not performed in this 
study. A study by Weller et al. [6] showed factors affecting wear and friction in both synthetic and natural 
oils are speed, time, temperature, and additive dosage. This study should be extended to cover variety of 
vegetable oils. 
Most vegetables are triglyceride structural molecules with long fatty acid chains as shown in Fig. 1. 
The fatty acid chains, which are non-polar, are always almost straight chains containing 8 to 22 carbon 
atoms. Unsaturation of fatty acid chains is susceptible to the oxidation and deteriorates the performance 
of vegetable oils when exposed to a severe condition. Polar head groups of triglycerides can attach to a 
metal surface and reduce the metal-to-metal contacts by forming a multimolecular layer of film on the 
surface resulting in less friction and wear scar diameter.  
 
 
Fig. 1. Triglyceride structure of vegetable oils 
 
 
 As stated earlier, one of the main properties of vegetable oil based lubricants is low friction and wear 
property. Less friction requires less energy to initiate the motion while good wear property is desired to 
protect contact surfaces. A present work is focusing on the parameters affecting friction and wear scar 
diameter of different types of soybean oils: conventional soybean oil, high-oleic soybean oil, and 
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epoxidized soybean oil. The parameters include speed, temperature, additive dosage, and the interaction 
of these parameters. 
 
2. Materials and Methods 
 
2.1 Vegetable oils and an antiwear additive 
Three different soybean oils tested for wear and friction coefficient in this study include conventional 
soybean oil, epoxidized soybean oil obtained from Elf Atochem North America (PA, USA) and high-
oleic soybean oil obtained from Optimum Grains LLC (IA, USA). A fatty acid distribution of 
conventional soybean oil is 10.5% (by wt.) palmitic acid, 4.1% stearic acid, 23.4% oleic acid, 52.6% 
linoleic acid, and 7.2% linolenic acid. High-oleic soybean oil was genetically modified with the fatty acid 
distribution of 7.0% palmitic acid, 4.0% stearic acid, 83.0% oleic acid, 3.0% linoleic acid, and 2.0% 
linolenic acid. Epoxidized soybean oil is simply the conventional soybean oil which all double bonds are 
epoxidized to form epoxide rings. An antiwear additive in this research is zinc dithiophosphate (ZDDP) 
obtained commercially. The antiwear additive was added 1% to each oil according to a recommended 
dosage. 
2.2 Wear and Friction Test 
This study is designed to study the effects of temperature, speed, and the antiwear additive on friction 
and wear properties of different soybean oils under a light load condition. The load was fixed at 25 lb for 
all test conditions. The friction and wear tests were conducted using Falex® four-ball wear test. Four 0.5-
inch diameter AISI 52100 ball bearings were used in each wear test. The operating temperatures were 25, 
50, and 75 °C while the speed conditions included 600, 900, and 1200 rpm. The friction coefficients 
presented in this study were the average values over 30 minute-running period. The wear scar diameters 
were the average values of wear scar diameters on three rotating balls. Each test was duplicated to obtain 
the average values with ±5% mean standard deviation. 
 
3. Results and Discussion 
 
3.1 Analysis of friction coefficient 
 
Friction is the resistance to motion of one body in contact with another and also proportional the 
energy to overcome the stagnant. Figures 2-4 show the friction coefficients of different oils at various 
conditions. As seen from the figures, the friction coefficients for all six oils show no clear trend. The 
correlation between friction coefficients and these factors is not satisfied by a simple statistical model. At 
25 °C and all speed conditions, epoxidized soybean oil without an antiwear additive shows has the 
highest friction coefficient. This is due to the fact that viscosity of epoxidized soybean oil is higher than 
those of conventional soybean oil and high-oleic soybean oil. When the temperature increases, the 
viscosity of epoxidized soybean oil decreases. This results in the better oil circulation and forming of a 
multiplayer film which reduces the friction coefficient. 
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Fig. 2. Friction coefficients at 600 rpm 
 
 
 
Fig. 3. Friction coefficients at 900 rpm 
 
 
 
Fig. 4. Friction coefficients at 1200 rpm 
0.000
0.020
0.040
0.060
0.080
0.100
0.120
0.140
NSB NSB+AW ESB ESB+AW HSB HSB+AW
fri
ct
io
n 
co
ef
fic
ie
nt
25 °C
50 °C
75 °C
0.000
0.020
0.040
0.060
0.080
0.100
0.120
0.140
NSB NSB+AW ESB ESB+AW HSB HSB+AW
fri
ct
io
n 
co
ef
f.
25 °C
50 °C
75 °C
0.000
0.020
0.040
0.060
0.080
0.100
0.120
0.140
NSB NSB+AW ESB ESB+AW HSB HSB+AW
fri
ct
io
n 
co
ef
f.
25 °C
50 °C
75 °C
 Kraipat Cheenkachorn /  Energy Procedia  42 ( 2013 )  633 – 639 637
An addition of antiwear additive reduces the friction coefficients for most oil blends. The ZDDP can 
form a thin film covering the surface by attaching a polar head to the metal and the non-polar ends can 
form a molecular layer to prevent the surface contact. The chemical adsorption of ZDDP additive on the 
metal surface is stronger than the physical adsorption of vegetable oil on that surface. The kinetics of 
adsorption and desorption of the antiwear additive on the surface is described by the Langmiur isotherm 
[7]. The strength of adsorption bond is affected by temperature as well. For most oils, the reduction of 
friction coefficient is higher for lower temperature. This is probably due to the fact that the desorption 
rate of the antiwear additive on the surface is higher than the adsorption resulting in higher friction 
coefficients at higher temperature for most oils. 
 
3.2 Analysis of wear scar diameters 
A quantitative study of wear was conducted in this study to determine the effects of temperature, 
speed, and the ZDDP additive on the wear scar diameter. Figures 5-7 show the wear scar diameters at 
different speed conditions. The wear data were analyzed by the statistical model using the best subset 
method. A linear regression method can give general idea as to whether variables affect the wear scar 
diameters. The criterions for choosing the right model were high R2 and low Cp value. The details of the 
best subset model can be found elsewhere [8]. The parameters affecting the wear scar diameter (mm) 
include speed (rpm), temperature (°C), an addition of ZDDP additive (Add), and the interactions among 
these factors. The correlation between the wear scar diameter and factors for conventional soybean oil is 
expressed in Eq. (1). 
    
Wear = 0.233 + (1.19×10 – 4 × Speed) – (1.44×10-4 × Add. × Speed)            (1) 
 
 A statistical model suggests that the parameters significantly affecting wear scar for normal soybean 
oils are speed and the interaction between additive and speed. As stated earlier, the ZDDP additive forms 
a protective film on the surface to reduce a direct contact between surfaces resulting in reduced wear scar 
diameter. Speed itself affects the wear scar probably because the rubbing balls have been in contact more 
distance during the same testing period.  
  
 A linear regression model for wear scar diameters of epoxidized soybean oil is presented in Eq. (2). 
As seen from Eq. (2), temperature and its interactions with other parameters significantly affect the wear 
scar. This is because the fact that the epoxidized soybean oil is more viscous than other oils at the same 
temperature. The formation of high-viscosity layer is continuous and possibly giving a hydrodynamic 
effect even at low speeds. Without an antiwear additive, the adsorption of epoxide ring in the alkyl chain 
is effectively strong enough to protect the surfaces as seen at 25 and 50 °C. However, the oil film looses 
the effectiveness at higher temperature as shown by a sharp increase in wear scar diameter at 75 °C. The 
results agree with the previous study that, for sulphur compounds, the rate of formation of reacted film is 
inversely proportionally to temperature [7]. The addition of ZDDP additive effectively reduces the wear 
scar diameter. 
 
Wear = 0.166 + (2.6×10-3 × Temp.) – (1.75×10-3 × Temp. × Add.) – (1.0×10-6 × Temp. × Speed) – 
(3.3×10-5 × Speed × Add.)                             (2) 
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Fig. 5. Wear scar diameters at 600 rpm 
 
 
Fig. 6. Wear scar diameters at 900 rpm 
 
 
Fig. 7. Wear scar diameters at 1200 rpm 
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 Parameters affecting on wear scar diameters examined with high-oleic soybean oil are similar to those 
of epoxidized oil as shown in Eq. (3). Without antiwear additive, high-oleic soybean oil shows similar 
results to that of eposidized soybean oil. ZDDP performs effectively to reduce wear scar.  
 
Wear = 0.0946 + (4.87×10-3 × Temp.) – (2.88×10-3 × Temp. × Add) – (2.0×10-6 × Temp. × Speed) + 
(9.5×10-4 × Speed × Add.)         (3) 
 
4. Conclusion 
This study examined the effect of temperature, speed, the ZDDP additive, and the interaction among these 
parameter on friction and wear scar diameter conventional soybean oil, epoxidized soybean oil, and high-
oleic soybean oil under the light load condition. The addition of ZDDP additive effectively protected the 
rubbing surfaces. However, ZDDP showed no clear trend on the friction coefficients. The parameters 
affecting on the wear scar diameter of conventional soybean oil included speed and the interaction 
between speed and additive. For epoxidized soybean oil and high-oleic soybean oil, the temperature and it 
interactions predominantly affected the wear scar diameters. The correlations of wear scar diameters and 
parameters were satisfied by the linear regression models. 
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